In this study, various facade designs with overhangs combined with electrochromic (EC) window control strategies were modeled for a typical commercial office building in a hot and cold climate using the DOE 2.1E building energy simulation program. EC windows were combined with overhangs since opaque overhangs provide protection from direct sun which EC windows are unable to do alone. The window wall was divided into an upper and lower aperture so that various combinations of overhang position and control strategies could be considered. The overhang was positioned either at the top of the upper window aperture or between the upper and lower apertures. Overhang depth was varied. EC control strategies were fully bleached at all times, modulated based on incident vertical solar radiation limits, or modulated to meet the design work plane illuminance with daylight. Annual total energy use (ATE), peak electric demand (PED), average daylight illuminance (DI), and daylight glare index (DGI) for south-facing private offices were computed and compared to determine which combinations of façade design and control strategies yielded the greatest energy efficiency, daylight amenity, and visual comfort.
Introduction
Smart, switchable electrochromic (EC) windows promise to be the next major advance in emerging, energy-efficient window technologies because of their capability to change state from a clear to a colored tint without loss of view. This technology provides an opportunity to improve and optimize both energy-efficiency and comfort aspects of a building through dynamic control and integration with automated lighting controls designed to respond to daylight. Although EC windows can provide considerable energy savings and relatively stable daylight levels, they cannot block direct sun, which may result in unacceptable glare and reduced computer display visibility in office environments (Lee & DiBartelomeo, 2002) .
Over the past decade, many simulation studies have been conducted to estimate the energy-savings potential of EC windows for various climates. Simulation studies have also been used to identify control strategies that yielded the lowest energy use. The Lawrence Berkeley National Laboratory (LBNL) conducted numerous DOE-2 commercial building energy simulation studies in the mid-1990s (Sullivan, et al., 1997 and Sullivan, et al., 1994) , concluding that significant annual total energy savings can be obtained compared to spectrally-selective low-emittance (low-e) windows in moderate to hot climates if large-area EC windows are controlled to maintain the interior illuminance set point and are combined with daylighting controls. In northern EU where commercial buildings are often heatingdominated and natural or passive cooling is encouraged, researchers have investigated alternate strategies with and without daylighting controls where the EC is switched to provide passive heating during the winter and to reduce cooling requirements and overheating during the summer. Karlsson (Karlsson, 2001 ) quantified heating and cooling annual energy savings for EC windows controlled by incident vertical solar radiation limits (50-300 W/m 2 ) in combination with occupancy-controlled lighting and ventilation systems and a heat recovery mode regulated by interior temperatures. This mode of control yielded small savings in the northern Stockholm climate and slightly greater savings in the warmer climates of Denver and Miami given the moderate window-to-wall ratio (WWR=0.30). Gugliermetti and Bisegna (Gugliermetti & Bisegna, 2003) conducted a parametric study to identify optimum incident solar radiation limits that would yield the least total primary energy. A second set of simulations was conducted to address discomfort glare due to bright sky luminance then compared to these optimal savings. For these simulations, the daylight glare index was related to incident vertical solar radiation levels, then these limits were used to switch the EC windows for visual comfort. Total primary energy use was increased by a small margin (4-10%) on the east, south, and west facades and significantly (19%) on the north façade with the visual comfort strategy compared to the best incident solar radiation strategies. These results were given for a moderate sized window (WWR=0.33) in a typical office for three climates in Italy. The electric lights were dimmed in response to daylight with photoelectric controls. When the space was unoccupied, the EC was bleached and the lights were turned off.
When EC windows are fully colored in order to control direct sun and glare, there are adverse effects on daylight levels, lighting energy savings, and room brightness (Sullivan, Rubin & Selkowitz, 1997) . To satisfy visual comfort requirements, EC windows may require interior or exterior shading devices to block direct sun. Fenestration elements such as overhangs combined with EC control strategies may enable one to achieve greater energyefficiency and visual comfort and it is likely that architects will wish to combine EC windows with attached exterior elements. The objective of this study is to determine the effect of various shading solutions of different overhang placements and depths on moderate and large area EC windows having various control algorithms in a cold (Chicago) and hot climate (Houston). Moreover, this study provides some indication of how best to control EC windows given typical architectural solutions and the level of performance that is likely to result.
Methodology

Simulation Software
A parametric study was conducted using the DOE-2.1E building energy simulation program (Winkelmann, et al., 1993) to generate relative performance data. DOE 2.1E is a comprehensive and general purpose thermal analysis program designed to explore the energy behavior of buildings and their associated HVAC systems. The program performs hourly thermal load and daylighting calculations based on the physical description of the building and ambient weather conditions.
Description of the Prototype Office Building
The study involved the simulation of a 4459 m 2 commercial office building prototype originally developed by LBNL (Carmody, et al., 2004 Recessed fluorescent lighting was modeled with a lighting power density (LPD) of 12.9 W/m 2 . Full LPD levels were modified by the occupancy schedule (e.g., at 8:00, 30% of full LPD was on, at 12:00, 90% of full LPD was on) in combination with daylighting controls. Heat was apportioned to the interior space (60%) and to the unconditioned plenum (40%). With daylighting controls, the perimeter zone electric lights were dimmed linearly to provide 538 lux at the work plane located 3.0 m from the window wall, centred on the window and at a height of 0.76 m above the floor. The electronic dimmable ballasts were modeled with a linear power consumption range of 100-33% with 100-10% light output. Surface reflectances were 0.7 for ceilings, 0.5 for walls, and 0.2 for floors.
Five variable-air-volume systems with economizers were employed: one for each perimeter zone and one for the core zone (all three floors per orientation or core zone were controlled by one system). The heating thermostat set point was 21.1° C during occupied hours with a night setback temperature of 12.8° C. Heating was provided by a gas boiler and cooling was provided by a hermetic centrifugal chiller and cooling tower.
Window Systems
Flush-mounted, non-operable EC windows were modeled in the exterior wall of each perimeter zone office. Two window sizes were modeled with a total window-to exterior-wallarea ratio (WWR) of 0.30 (moderate punched window opening) and 0.60 (nearly floor-toceiling glass). The exterior wall had a height of 3.66 m. The window area includes the frame. The window head height was set flush with the ceiling at 2.75 m (typical ceiling height in the US). Based on prior research that identified the energy-efficiency drawbacks of controlling an EC façade as a single zone (Lee, et al., 2006) , the EC façade was split into an upper and lower aperture, each controlled independently. The height of the upper aperture was kept constant at 61cm for both window sizes. The window positions and sizes are given in Figure  1 and Table 2 .
The exterior 6 mm glazing layer had a W0 3 EC coating on the inboard surface. Its emittance was 0.84 on the exterior and 0.15 on the interior surface. The EC glazing was combined with a 6 mm interior clear glazing layer to form an insulating glazing unit with a 12.7 mm wide air gap (a dual-pane construction is typically required for EC coatings). All windows were modeled with a 12.7 mm aluminum spacer, air gas fill, and thermally-broken aluminum frame (U frame =5.67 W/m 2 K). EC window properties are given in Table 3 . The EC was not combined with an interior shade.
The EC window was switched based on daylight or total incident vertical solar radiation levels. The upper aperture was controlled independently from the lower aperture. The window was modeled to switch linearly over a continuous (infinite) range between bleached and colored states. For the daylight control strategy, the EC transmittance was modulated so as to provide 538 lux (equals 50 fc standard practice in US) at 3.05 m from the window wall, centered widthwise on the window, and at a work plane height of 0.76 m every hour during daylight hours. If there was insufficient daylight, the window was switched to fully bleached. If there was too much daylight, the window was switched to fully colored. For the switching strategies based on irradiance, the EC was modulated between two threshold values established by a prior simulation study (Sullivan, et al., 1994) . The EC was bleached when the irradiance was less than or equal to 63 W/m 2 , fully colored when the irradiance was greater than or equal to 95 or 315 W/m 2 , and partially colored when the irradiance level was between the two threshold values. The combinations of EC switching strategies for the upper and lower apertures are given in Table 4 .
Exterior Shading
Overhangs were modeled as opaque, non-reflective surfaces. These obstructions blocked diffuse light from the sky and direct sun but reflected no light from the ground or its upper surface (no effect on interior daylighting). Four overhang depths were modeled: 0.85, 1.0, 1.3, or 1.5 m. The width of the overhang was made the same width as the office module: 3.05 m. The height of the overhang was set so that its lower surface was flush with the top of either the lower or upper framed window opening, hereafter referred to as the "betweenwindow" or "top-of-window" overhang position.
Parametric Study
A parametric study was conducted that compares the performance of various combinations of EC façade designs and control algorithms in a hot climate (Houston, Texas) and a cold climate (Chicago, Illinois). The base case is identical to the test case except it has no overhang. The percentage of savings in annual total energy use (ATE) and peak electric demand (PED) for the south zone of three-storey commercial building was computed.
Perimeter zone annual cooling electricity use was determined using system-level extraction loads converted to plant-level electricity use with a fixed coefficient of performance (COP) of 3.0. This was added to the perimeter zone annual electricity use data (includes lighting, convenience outlets, and supply and return fans for heating, heating and cooling, and float periods) to arrive at total annual electricity use. Peak electric demand (PED) was determined in a similar manner. Demand data are given for the peak condition that occurs in each perimeter zone and are non-coincident with the whole building's peak condition.
Perimeter zone annual heating energy use was determined using system-level extraction loads converted to plant-level energy use with a fixed heating efficiency factor (HEF) of 0.8. Fan electric energy use for hours when only heating is required was not added to this quantity to enable total energy performance comparisons based on fuel type.
Total primary annual energy use (heating + electricity) was then computed using a site-tosource efficiency of 3.0 for electricity and 1.0 for natural gas. The site-to-source efficiency indicates the generating efficiency of the fuel or utility (including transmission and distribution losses) prior to its use in the simulated building.
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The average annual daylight illuminance (DI) for the south zone is given at 3.05 m from the window wall, centered on the window and at a workplane height of 75 cm. The average annual daylight glare index (DGI) is given at a typical occupant's view position 1.5 m from the window wall, centered on the window, looking at the east side wall, at a height of 1.21 m above the floor. Optimum solutions are identified by analyzing these performance data as a function of window size, EC control algorithm, and overhang placement and depth for heating-and cooling-dominated climates.
Annual Total Energy Use
The percentage reductions in Anjual Energy Use (ATE) for large-and moderate-area EC windows with overhangs of various depths versus no-overhang case are given for Houston and Chicago in Figure 2-a, b, c, d . When an overhang is combined with an EC window, annual cooling energy is decreased for all overhang configurations while annual lighting energy use varies depending on the overhang design and switching control algorithms for both window sizes. The simulation results indicate that several EC switching control strategies provide greater energy-efficiency than the EC window alone, depending on the placement of the overhang, particularly for large-area windows. Up to 14% and 10% savings can be achieved depending on the overhang depth and control algorithm in Chicago and Houston, respectively, if the window area is large.
The placement of the overhang affects the effectiveness of the control algorithm. The percentage of savings is greater for some control algorithms with the between-windows overhang case because the upper aperture admits daylight, which can then decrease lighting energy use. Maximum savings for all overhang designs were attained by controlling the upper and lower EC windows based on incident total solar radiation (D) for large and moderate area windows in both climates. Savings were 9% and 13% for large-area EC windows in Houston and Chicago, respectively, while the savings were approximately 7% for moderate-area EC windows in both climates.
In Chicago, control algorithms D, E and F yielded better performance for the betweenwindow overhang case. In Houston, algorithms C, D, and E yielded almost the same performance for either overhang locations while algorithm F, which was designed to minimize glare in the lower aperture and bring daylight into through the upper aperture, yielded better performance for the between-window overhang case. With this case, algorithm F maintained the lower aperture at or near the fully colored state for most hours in the year while the upper aperture, which was modulated for daylight, provided daylight to offset lighting energy use requirements. Further studies can be conducted to optimize the area of the upper aperture for algorithm F: this aperture may be too small to provide the required daylight illuminance (see below), which may increase lighting energy use.
Deeper overhangs attached either at the top or between the EC apertures provided virtually no savings for a moderate-area window and small savings (~4% maximum) for a large-area window in Chicago. The same can be said for Houston, where a change in depth from 85 cm to 150 cm produced a maximum reduction in energy use of only ~3%.
Peak Electric Demand
The percentage reductions in Peak Electric Demand (PED) provided by EC windows combined with overhangs of various depths and locations versus no-overhang options are presented in Figure 3-a, b, c, d .
Use of an overhang significantly decreases PED by reducing incident solar radiation on the façade, thus lowering the cooling load. This is particularly true for large-area windows in hotter geographic locations. Greater savings can be achieved by attaching the overhang at the top of the window for the most EC configurations. Greater savings are achieved with increased overhang depth, particularly for large-area windows. The greatest PED reductions are achieved again with control algorithm D for all window designs, with algorithm B being a close contender in Houston for the top of window overhang case.
Annual Daylight Illuminance and Daylight Glare Index
From the energy-efficiency perspective, daylight offsets the need for electric lighting by providing adequate levels of illuminance in a space. More daylight does not necessarily equate to better lighting conditions. It is a matter of balancing daylight admission with glare control. Average annual work plane daylight illuminance (DI) is given as a function of various EC control algorithms and window designs in Figure 4-a, b, c, d . All data are given as an average of the year, where the year is defined by all hours when the sun is above the horizon to show relative daylight efficiency between the cases (if defined by working hours, then the average would include nighttime hours in the winter).
For most of these window designs and EC control algorithms, DI levels did not exceed the design level of 538 lux for most configurations in either climate. One cannot conclude that this metric is an indicator of gloom; alternate performance metrics would need to be calculated to assess interior brightness. There were several exceptions. With no overhang and WWR=0.6, DI levels were between 1300-1600 lux for this south-facing window in Chicago (latitude=42°). With the between-window overhang position, DI was also between 1300-1600 lux for control algorithms A and B for all overhang depths. Direct sun from low winter sun angles was admitted through the fully-bleached EC upper aperture and increased average DI in south facing room in higher latitudes. In Houston, DI values were increased for control algorithms B, E, and F for the between-window overhang position. For example, DI values for control algorithm F was 89-122 lux for the top-of-window overhang position and 260-263 lux for the between-window overhang position given a moderate-area window. As mentioned earlier, the lower EC was controlled to near or at the fully colored state, so the upper aperture was controlled to at or near the clear state for most of the year in order to reach the daylight illuminance design level.
The average annual daylight glare index (DGI) for different EC window configurations is given in Figure 5-a, b, c, d . This DGI is an approximate measure of visual discomfort one feels from a large-area daylight source within one's peripheral view. A DGI value of 10 is the threshold between "just imperceptible" and "just acceptable" discomfort glare. In conventional designs, glare control often conflicts with the control objectives for energy efficiency since daylight illuminance are often diminished significantly in order to achieve a glare-free environment. With the proper façade design and control algorithm, it is possible to achieve both objectives. For example, control strategy F yields the lowest annual DGI for all cases because the lower EC aperture is most often in a dark tinted state throughout the year thus reducing the luminance of the large-area glare source. If the between-window overhang position is selected, the ATE performance is nearly comparable to the optimal ATE EC control: algorithm D. Algorithm D has a less stringent control of the lower aperture and therefore has a significantly greater DGI value than algorithm F with only a 2% increase in percentage ATE reduction.
Conclusion
Field studies, lighting studies using ray-tracing simulation tools, and human subjects studies conducted with EC windows indicate that the EC windows must be combined with 6 either interior or exterior shading to control direct sun. Even if the EC were to achieve a visible transmittance of 0.001 in the colored state, the orb of the sun at over a billion cd/m 2 as it approaches the meridian is still a decisive glare source. Therefore, performance indices such as DGI and other visual comfort indicators must be considered with equal weight when evaluating the energy-savings and market potential of emerging technologies such as electrochromic windows. If the criteria are to maximize energy use savings while minimizing discomfort glare, then overhangs combined with the proper control algorithm can increase the performance of EC windows while mitigating the effects of direct sun: 1) For cold climates like Chicago with EC window designs of moderate area, betweenwindow overhang position with control algorithm D best meets this criteria, but strategies E and F yield almost equitable ATE reductions with slightly lower glare. Overhang depth was of no consequence. ATE reductions were 6-9% with DGI levels of 1-3. PED reductions were 10-17%. DI levels were 200-400 lux.
2) For cold climates with large-area EC windows, between-window overhang position with control algorithm F meets the criteria. Glare was controlled through the lower aperture and the upper aperture provided sufficient daylight to offset lighting energy use requirements. The overhang provided additional protection from direct solar heat gains. Overhang depth was of no consequence. ATE reductions were 10-11% with DGI levels of 4. PED reductions were 11-14%. DI levels were 400 lux.
3) For hot climates like Houston with moderate-area EC windows, control algorithm D best meets the criteria with either overhang position. Increasing overhang depth had minor impact on ATE but a greater impact on PED. ATE reductions were 6-9% with DGI levels of 2-4. PED reductions were 15-19%. DI levels were 200-300 lux.
4) For hot climates with large-area EC windows, differences in DGI drive the selection of the best case. The between-window overhang position with control algorithm F best meets the criteria. Increasing overhang depth has some impact on ATE but a greater impact on PED. ATE reductions were 6-8% with DGI levels of 5. PED reductions were 11-18%. DI levels were 400 lux.
Further work is required to gain a better understanding of how best to optimize the energy and comfort potential of EC windows. Combining EC windows with light-redirecting, suncontrol systems hold even greater potential for achieving energy-efficiency and market acceptance. Note: Dimensions and window-to-exterior-wall ratio (WWR) includes frame. 
